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We study the electronic structure of WTe2 thin film flakes with different thickness down to 11
nm. Angle-dependent quantum oscillations reveal a crossover from a three-dimensional (3D) to a
two-dimensional (2D) electronic system when the sample thickness is reduced below 26 nm. The
quantum oscillations further show that the Fermi pockets get smaller as the samples are made
thinner, indicating that the overlap between conduction and valence bands is getting smaller and
implying the spatial confinement could lift the overlap in even thinner samples. In addition, the
quadratic magnetoresistance (MR) also shows a crossover from 3D to 2D behavior as the samples are
made thinner, while gating is shown to affect both the quadratic MR and the quantum oscillations
of a thin sample by tuning its carrier density.
Tungsten ditelluride, one of the transition metal
dichalcogenides, has attracted a lot of attention recently.
Bulk WTe2 exhibits an unsaturated and extremely large
magnetoresistance (MR) which could be used to design
devices such as magnetic sensors [1]. It is believed that
the magnetoresistance occurs due to the nearly equal
electron and hole concentrations [1–8], and forbidden
backscattering due to strong spin-orbit coupling also
plays an important role [9]. Surprisingly, although WTe2
is a layered material, the anisotropy of the effective mass
is as low as 2 at room temperature [10]. Quantum oscil-
lations can be observed along three different crystal axes
[3, 11], which makes it close to a three-dimensional (3D)
electronical system instead of two-dimensional (2D) elec-
tronic system [12]. Bulk WTe2 is also predicted to be
a type-II Weyl semimetal, in which Lorenz invariance
is absent and the Weyl point appears at the boundary
of electron and hole pockets [13]. This prediction has
triggered renewed interests in this material [14–19]. Fur-
thermore, monolayer WTe2 is predicted to be a nontriv-
ial semimetal where both topological metallic edge states
and 2D metallic bulk state are present [20]. Applying a
small tensile strain, however, could lift the overlap of
the conduction and valence bands and turn it into a 2D
topological insulator [20], where only the topological edge
state is metallic [21, 22].
The studies of the unusual MR of bulk WTe2 has been
extended to thin film samples [23–28]. Electron and
hole compensation is found in samples down to thickness
around 10 nm, but the MR of thin films is suppressed
significantly due to surface scattering from amorphous
surface oxides [25, 26, 29–31]. Meanwhile the carrier den-
sity also has been observed to decrease as the samples
are made thinner [25, 26], which is unexpected if it is
assumed that thin film samples are simply thinner cases
of 3D bulk samples. Recently optical and transport mea-
surements in thin film samples with thickness from 9 to
11.7 nm suggests a band gap could open in monolayer
sample and this is supported by band structure calcu-
lations [32]. Another study reported that semi-metallic
monolayer samples become insulating in the 2D bulk with
a topological nontrivial metallic state on their edge when
the temperature is below ∼ 100 K [33]. Therefore, to
explore the transition from the 3D bulk state to the pre-
dicted 2D topological insulator, it is necessary to study
the electronic structure of WTe2 thin film samples when
the sample thickness is approaching the monolayer limit.
Quantum oscillations due to Landau quantization are
a powerful method to study band structure and Fermi
surface of materials [34–37]. Here we use the quan-
tum oscillations observed in magneto-transport to study
thickness-dependent electronic structure of WTe2 thin
films. Angle-dependent quantum oscillations reveal a 3D-
to-2D crossover when the sample thickness is below 26
nm. The fast Fourier transform of the quantum oscilla-
tions further shows that the area of the Fermi pockets
decreases as the sample is made thinner, suggesting that
the overlap between the conduction band minimum and
valence band maximum of the semi-metallic WTe2 thin
film becomes smaller. This not only explains the decease
of carrier density as the sample is made thinner as re-
ported in Refs. [25, 26] but also suggests it is possible to
open a band gap and realize the 2D topological insulator
in even thin samples, as predicted by theory[20]. In ad-
dition, the quadratic MR also shows a crossover from 3D
to 2D behavior as the samples are made thinner, while
gating is shown to affect both the quadratic MR and the
quantum oscillations of a thin sample by tuning its car-
rier density.
WTe2 thin films with different thickness are cleaved
from a bulk WTe2 single crystal by microexfoliation
method onto a 285 nm SiO2/Si substrate with align-
ment markers. E-beam lithography is used to fabri-
cate the alignment makers, electrodes, and bonding pads.
Before depositing Ti/Au electrodes with typical thick-
ness 10nm/60nm, the contact areas are treated with Ar
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FIG. 1. (a) Optical images of thick (right, S33) and thin (left, S54) samples. (b) Schematic diagram of angle-dependent
measurement configuration. Magnetic field is parallel with z direction, the rotation axis of substrate and current direction are
parallel with x axis, the θ is defined as an angle between z axis and the normal, n, of sample surface. (c) Quantum oscillations
∆Rxx vs. 1/B⊥ for S33, the data traces at different angles are vertically offset for clarity. B⊥ is perpendicular component of
magnetic field, B⊥ = B sin θ. The black dash dot lines indicate the minima of ∆Rxx at θ = 90
◦. (d), (e) and (f), (g) are the
quantum oscillations ∆Rxx vs 1/B⊥ and ∆Rxy vs. 1/B⊥ for S31 and S54, respectively. The black dashed lines indicate the
minima of ∆Rxx and ∆Rxy. All the quantum oscillations ∆Rxx and ∆Rxy are obtained by subtracting polynomial background
from Rxx and Rxy and are low pass filtered in 1/B scale to remove high frequency noise.
plasma to remove native oxides. To further reduce the
contact resistance, the devices are annealed in a furnace
with N2 gas at 200
◦C for 2 hours. To reduce the oxidiza-
tion of the sample surface, after cleaving, the thin films
are only exposed to air before the contact area patterning
with EBL and during the bonding of the devices to the
chip carrier. At other times, the thin films are always
covered by PMMA and stored in a vacuum desiccator
or a N2 glove box. Magneto-transport measurement was
performed in an Oxford dilution fridge with an in-situ
rotator [38] using standard low frequency lock-in tech-
niques. Unless otherwise stated magneto-transport mea-
surements were performed at T = 30 mK. The sample
thickness was measured by an atomic force microscope
(AFM) after the magneto-transport measurement.
First, we show the WTe2 thin film below 26 nm is
a 2D system, contrary to previous suggestions that it
is a 3D bulk system [24, 25]. Figure 1a shows opti-
cal images of two typical devices, S33 (green) and S54
(blue). Figure 1b shows a schematic diagram of the mea-
surement configuration for angle-dependent magneto-
transport measurement. The current is driven through
the ab plane of the WTe2 crystal, and when the magnetic
field is rotated from out-of-plane to in-plane, it is always
perpendicular to the current. We observe quantum oscil-
lations related to the Landau quantization both in Rxx
and Rxy. Clear quantum oscillation signals ∆Rxx and
∆Rxy are obtained by subtracting a polynomial back-
ground from Rxx and Rxy as shown in Figs. 1c−1g.
In bulk WTe2 the Fermi surface is three dimensional,
so quantum oscillations are observed for any magnetic
field orientation, and have been studied for all three field
orientations with respect to the crystal axes [3, 11]. Only
a small mass anisotropy is found for different transport
directions [10]. In our thickest sample S33 (26 nm), we
observe bulk behavior of the quantum oscillations when
the sample is tilted in the applied magnetic field as shown
in Fig. 1c. With the magnetic field perpendicular to the
sample (θ = 90◦, blue trace), there are clear oscillations
in ∆Rxx, periodic in 1/B⊥ which is the perpendicular
component of magnetic field, B⊥ = B sin θ. However,
the period and amplitude of these oscillations vary with
the tilt angle θ, indicating that the Fermi surface is three
dimensional. In thinner samples, 15 nm or less, we find
that both the period and amplitude of the quantum os-
cillations depend only on B⊥, as shown in Figs. 1d−1g.
This indicates that there is a crossover from a 3D to a
2D Fermi surface when the sample thickness is reduced
from 26 nm (S33) to 15 nm (S31).
Next we show another aspect of the changing electronic
structure as the WTe2 films are made thinner. Figure 2a
shows a fast Fourier transform (FFT) spectrum of quan-
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FIG. 2. (a) Fast Fourier transform (FFT) spectrum of quan-
tum oscillations, ∆Rxx, of WTe2 thin film samples with dif-
ferent thickness and bulk reference sample [5]. The nominal
θ = 90◦. (b) The FFT frequency vs. sample thickness, the
thickness of bulk from Refs. [3–5, 11] is set as infinite com-
pared with thin film samples. The solid lines are the guide
lines which show the shift of frequency as thickness decreases.
(c) Schematic diagrams showing the change of Fermi surfaces
in half of Brillouin zone (top panels) and the band structure
near Fermi surface along Γ−X direction (bottom panels) as
thickness is reduced (from right to left).
tum oscillations in ∆Rxx from several samples, ranging
from bulk to 11 nm thick. The FFT of the bulk sample
obtained from our previous work at 2.5 K shows three
frequency peaks, 86.3 T, 130.2 T and 140.1 T [5]. The ab-
sence of a fourth peak around 162 T reported in [3, 4, 11]
may be due to the relatively high measurement temper-
ature and low mobility of carrier in that band. In order
to resolve quantum oscillations from low mobility bands,
all thin film samples were measured at millikelvin tem-
perature and magnetic fields up to 10 T. We note that
the quantum oscillation signals from the WTe2 thin films
are relative weak, reducing the signal to noise ratio in the
FFT spectrum and hindering observation of the first two
frequency peaks in S33. But for most samples (S28, S31
and S54) four frequency peaks can be observed. Sample
S28 has the highest signal to noise ratio, so four strong
frequency peaks can be clearly observed, as indicated by
the squares and circles in Fig. 2a, which is consistent with
the four frequencies observed in bulk samples [3, 4, 11].
However, the peaks of the thin film samples shift to lower
frequency compared to those of bulk samples.
To better illustrate the shift of frequency as the thick-
ness is reduced, we plot the FFT frequency vs thickness
as shown in Fig. 2b. The frequencies of bulk samples are
from Refs. [3–5, 11] and their thicknesses are set as infi-
nite compared with the thin film samples. The solid lines
are guides to the eye showing how each frequency shifts as
the sample thickness is reduced. The frequencies F1, F2,
F3 and F4 correspond to the frequency peaks indicated
by the solid circle, solid square, open square and open
circle in the Fig. 2a, respectively. It can be seen that
there is a trend that the FFT frequency becomes smaller
as the sample thickness is reduced. And recent work on
a three layer WTe2 sample shows even smaller quantum
oscillation frequency [39]. The frequency of quantum os-
cillations is related to the extremal cross-sectional areas
of the Fermi surface perpendicular to the magnetic field.
The lower frequencies correspond to smaller area of Fermi
pockets. One possibility is that the reduction in the size
of the Fermi pockets is caused by a change in the Fermi
level. However, since both the electron and hole pock-
ets are simultaneously occupied in WTe2, changes in the
Fermi level would cause the area of some Fermi pockets
to increase while others decrease as the samples are made
thinner. This is not the case here. The other possibility
is change of band structure as illustrated in the Fig. 2c,
which shows schematic diagrams of how a change of band
structure could decrease the size of both electron and hole
pockets. As the thickness of the samples is reduced (right
to left), the conduction band minima and valence band
maxima move apart, (bottom panel of Fig. 2c), which re-
duces the size of both electron and hole pockets as illus-
trated in the top panel. A similar confinement-induced
band structure change has been observed in MoS2, where
the indirect band gap is changed from a bulk value of 1.29
eV to over 1.90 eV [40], and in MoTe2, a relative com-
pound of WTe2, where few layer samples shows band
gap opening [41].This indicates it may be possible to ob-
serve band gap opening in even thinner WTe2 thin films,
which is consistent with two recent works on the band
gap opening in monolayer samples [32, 33].
Because the carrier density is proportional to the size
of the Fermi pocket, a decrease of the Fermi pocket size
should also result in a decrease of carrier density. We
calculate the 2D carrier density from quantum oscillation
frequencies in our high signal to noise ratio sample S28
(16 nm) by n = gsgveF/h, is 4.03 × 10
13 cm−2 where
gs = 2 and gv = 2 are spin and valley degeneracy, e is
electron charge, h is Plank constant and F is the sum of
F1 = 77 T, F2 = 98 T, F3 = 114 T and F4 = 125 T. This
corresponds to a 3D carrier density 2.69×1019 cm−3, very
close to 3×1019 cm−3 from the 13 nm sample of Ref. [26],
and similar to 7.5× 1019 cm−3 from the 15.6 nm sample
of Ref. [25]. Therefore, the change of Fermi pocket size
explains the unexpected reduction of carrier density as
the samples become thinner as reported in Refs. [25, 26].
Now we discuss the impact of thickness-dependent elec-
tronic structure of WTe2 on its MR. In bulk samples,
the angle-dependent Rxx as a function of magnetic field
exhibits a 3D-like scaling law, R(B, θ) = R(ǫθB) with
43 4 5 6 7 8 910
10
100
B (T)
 -70 V
 70 V
 2.15 B1.78
 1.72 B1.77
M
R
 (%
)
S31, 15 nm
-0.2
0.0
0.2
70 V
40 V
0 V
-40 V
R
xy
 (
) -70 V
0.10 0.11 0.12
-0.4
-0.2
0.0
0.2
0.4
R
xx
 (
)
1/B (T-1)
-70 V
-40 V
0 V
40 V
70 V
50
100
150
R
xx
 (
)
 90o
 75o
 60o
S33, 26 nm
-10 -5 0 5 10
200
250
300
R
xx
 (
)
B  (T)
 88.3o
 73.3o
 56.0o
 49.3o
 43.0o
 39.3o
S54, 11 nm
60
80
100
120
R
xx
 (
)
 84.5o
 69.5o
 54.5o
 39.5o
 5.5o
S31, 15 nm
(b)
(f)
(e)
(c)
(a) (d)
FIG. 3. (a)−(c) Rxx as a function of perpendicular compo-
nent of magnetic field at different angles for sample S33, S31
and S54, respectively. The angles are the same as those in
Fig. 2. (d) MR of S31 in log-log scale at Vbg = 70 V and -70
V and nominal θ = 90◦. The solid lines are experiment data
and the dashed lines are power law fittings. (e),(f) Quantum
oscillations from Rxy and Rxx of S31 at different Vbg . The
oscillation traces are vertically offset for clarity. The dashed
lines are the guides to eye which shows the shift of oscillation
maxima.
ǫθ = (cos
2 θ+γ−2 sin2 θ)1/2 [10]. In contrast, here we find
Rxx of the thin samples, S31 and S54, depends only on
the perpendicular component of the magnetic field (see
Figs. 3b and 3c) while the thick sample S33 does not:
Rxx traces at different angles deviates from each other
at high magnetic field (see Fig. 3a). This indicates that
the thin samples are 2D, while the thick sample are not,
which is consistent with the angle-dependent quantum
oscillation results in Fig. 2.
The unsaturated MR in WTe2 is believed to be due
to perfect electron and hole compensation, as described
by the two-band model [1–7]. If the electron and hole
density are not equal, the MR will show a deviation at
certain field, and the larger the difference between elec-
tron and hole density, the smaller field at which the de-
viation occurs [1, 39]. The decrease of the carrier density
as the sample thickness is reduced, as observed in Fig. 2,
implies it is possible to use an electric field to tune the
carrier density in a thin sample, which could provide a
method to test the origin of the peculiar MR in WT2.
In the sample S31 (15 nm), we measure the MR, defined
as (Rxx(B)−Rxx(0))/Rxx(0), at different back-gate volt-
ages (Vbg) from 70 V to -70 V. Figure 3d shows MR at 70
V and -70 V. While the MR at 70 V is well described by a
simple power law up to 10 T, closed to the MR= µeµhB
2
obtain from two-band model, the MR at -70 V starts to
deviate from the power law at 5 T. For Vbg = 0 V this
deviation occurs at 8 T (See Fig. S4(c) in Supplemen-
tary Materials [42]). Because a positive (negative) Vbg
decreases (increases) the hole density and increases (de-
creases) the electron density, it means that the electron
and hole density are nearly equal at 70 V. When Vbg is
changed from 70 V to -70 V, the Fermi level shifts down
and the total electron density gradually become smaller
than the total hole density. In addition, we observed
that the back-gate also changes the quantum oscillations
of S31 as shown in Figs. 3e and 3f. It can be seen that
the maxima of quantum oscillations as indicated by the
dashed lines in ∆Rxx and ∆Rxy gradually shift to lower
magnetic field as the Vbg is changed from 70 V to -70 V.
This indicates that the back-gate start to tune the carrier
density, which consistent with the observation in Fig. 3d.
With even thinner, the back-gate could be more effective
to change the Fermi level, as observed in Refs. [39, 43].
In summary, we observed thickness-dependent elec-
tronic structure in WTe2 thin films, by studying quan-
tum oscillations from magneto-transport measurements.
One finding is a crossover from a 3D to a 2D electronic
system when the sample thickness is less than 26 nm,
contrary to the assumptions in previous studies [24, 25].
FFT analysis shows that the size of the Fermi pockets
becomes smaller as the samples are made thinner, indi-
cating the overlap between conduction band minima and
valence band maxima becomes smaller. This explains
why the carrier density decreases as the sample thick-
ness is reduced [25, 26], and implies it is promising to
open a band gap in even thinner samples and realize the
2D topological insulator [20]. In addition, quadratic MR
also shows a crossover from 3D to 2D behavior as the
samples are made thinner, while gating is shown to af-
fect both the quadratic MR and the quantum oscillations
of a thin sample by tuning its carrier density.
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FIG. S1. Quantum oscillation signals from S33, S31 and S54 before low pass filtering.
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FIG. S2. (a), (b) and (c) are perpendicular magnetic field dependent Rxx at different angles for S33, S31 and S54. (d), (e)
and (f) are the deviation of MR as a function of perpendicular component of magnetic field from the largest angles, defined
as (Rxx(θ,B) − Rxx(90
◦, B))/Rxx(θ0, B) , where θ is the angle, B is the magnetic field and θ0 is the largest angle for each
measurement, θ0 = 90
◦, 84.5◦ and 88.3◦ for S33, S31 and S54, respectively.
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FIG. S3. (a), (b) are quantum oscillation signals ∆Rxy and ∆Rxx of S31 at different back-gate voltages before low pass
filtering. The dash lines indicate one of the oscillation maxima in ∆Rxy and ∆Rxx at Vbg = -70 V and along the lines the
shift of oscillations can be observed. The deviation of the thin samples are almost flat line while the deviation of thick sample
increase as magnetic field increase.
3 4 5 6 7 8 9 10
50
10
M
R
 (%
)
B (T)
 data
 MR = 1.45 B1.69
S54, 11 nm
3 4 5 6 7 8 9 10
10
100
M
R
 (%
)
B (T)
 Data
 MR = 1.95 B1.76
S31, 15 nm
3 4 5 6 7 8 9 10
30
100
M
R
 (%
)
B (T)
 Data fitting
 MR = 3.6 B1.72
S28, 16 nm
3 4 5 6 7 8 9 10
50
500
100
M
R
 (%
)
B (T)
 Data
 MR = 9.35 B1.78
S33, 26 nm
(c)
(b)(a)
(d)
FIG. S4. (a), (b), (c) and (d) are the power law fitting of MR in log-log format from 2.5 to 10 T of sample S33, S28, S31 and
S54, respectively. No back-gate voltage is applied. The red solid lines are experiment data and black dash lines are the fitting
with power law.
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FIG. S5. MR of sample S31 in linear scale at different Vbg.
